Three new neutral di-ferrocenyl-ethynylpyridinyl copper complexes, [L 2 (CuCl) 
Introduction
Rationally designed, self-assembled supramolecular structures that create self-organized, functional materials are of fundamental interest for applications in catalysis, 1 gas storage or gas/molecule separations, 2 in nanotechnology, 3 and in electronic materials. 4 Organic molecules can self-assemble into well-ordered structures, but often with limited conductance. Conductivity can be influenced and improved by using coordination complexes in which metal centres are incorporated into a molecular backbone. Such structures self-assembled on insulating surfaces have been reported, for example, as highly conducting nano-ribbons. 3b Solution-based rational self-assembly is a promising approach for the formation of microstructures with desired shapes. 5 In addition, incorporation of ferrocenyl or ferricenyl building blocks in the Fe(II) or the Fe(III) state, respectively, offer further material tuning opportunities and access to novel mixed-valence materials. Complete characterization of the square complexes using spectroscopic methods, X-ray crystallography and electrochemical techniques has been carried out. During electrochemical characterization of the complexes 2-4, the electro-crystallization of higher oxidation state products onto the electrode surface has been observed. The electrocrystallized products on a Pt disc working electrode surface were isolated and investigated by scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analysis for structural morphology and elemental composition. SEM data showed three distinct morphological Field Emission Scanning Electron Microscope using an SEI detector and an accelerating voltage of 5kV. Solid samples were fixed to carbon tape that was mounted onto conductive SEM stubs.
Electrodes were mounted on a holder and earthed to avoid charging of the surface.
Raman Spectroscopy. Raman spectra were recorded on a Renishaw inVia Raman Microscope using a solid state LASER with an excitation wavelength of 532nm and a power of 2.5mW. Samples were either mounted on a glass slide or on carbon tape for the solids and the spectra were taken using a 20x objective to focus on the crystals. Spectra for the electrodeposited product were taken directly from the electrode surface using the same objective.
Electrochemistry. Cyclic voltammetric studies were conducted in a glass cell under inert atmosphere (nitrogen) using a microAutolab III (Ecochemie, The Netherlands) under computer control using GPES software version 4.9. The electrochemical cell was 3 mm diameter platinum disc electrode, a Pt wire Crystallography. Single-crystal X-ray diffraction experiments were performed at 150(2) K on either an Oxford Diffraction Gemini A Ultra CCD diffractometer (2, 4) or an Nonius Kappa CCD diffractometer (3) using monochromatic Mo-K α radiation (λ=0.71073 Å). For 2 and 4 the sample temperature was controlled using an Oxford Diffraction Cryojet apparatus; CrysAlis Pro was used for the collection of frames of data, indexing reflections and determining lattice parameters. For 3 the measurement temperature was controlled using an Oxford Cryostream device. Structures were solved by direct methods using SHELXS-86 16 and refined by full-matric least-squares, on F 2 , using SHELX-97. 17 A multi-scan absorption correction was applied in all cases. Crystallographic data for all complexes studied can be found in Table 1 . Complexes 2 and 3 were twinned, with 2 being treated as a racemic twin. In their crystalline forms both 2 and 3 contain molecules of CH 2 Cl 2 in the crystal lattice; in 2 the CH 2 Cl 2 is ordered and has full occupancy while in 3 there appear to be traces of hexane as well as CH 2 Cl 2 in the same lattice position though it was not possible to model this. The molecule of CH 2 Cl 2 is itself disordered around a centre of inversion with an occupation factor of 30% in total. In the case of 3, the cyclopentadienyl rings on the ferrocene moiety were disordered over two sites and the two sets of atomic positions were refined with occupancies summed to unity, while those in 2 showed rotational disorder that could not be modelled accurately. Overall, the quality of the structures of 2 and 3 is poor but the connectivity of the atoms has been established unambiguously. 
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Results and Discussion
Synthesis and spectroscopic characterization. As reported recently, the cross-coupling reaction between ethynylferrocene 14 and 4-iodo-pyridine readily gave the known ferrocenyl-ethynylpyridine ligand 1 as brown powder in 81% yield. 15, 18 For complexes 2-4 a 1:1:1 ratio of ligand 1, CuX (X=Cl -, Br -, I -) and triphenylphosphine were dissolved in dry dichloromethane under an argon atmosphere and allowed to stir for 24 h at room temperature. Neutral dimeric products formed where the pyridyl moiety of ligand 1 along with the co-ligand PPh 3 coordinate to same Cu in the (CuX) 2 rhomboid dimer (see Scheme 1). In the absence of PPh 3 , under similar condition, the reactions gave rhomboid or cubic structures for CuCl, CuBr and CuI. 12 All complexes (2-4) are stable to light and air at ambient temperature and were fully characterized by UV-vis, IR, NMR spectroscopy, FAB-mass spectrometry, as well as by satisfactory elemental analysis. Single crystal X-ray diffraction studies provided the full three-dimensional crystal structures, including the molecular dimensions of the dimeric complexes 2-4. Scheme 1. Synthesis of neutral di-ferrocenyl-ethynylpyridinyl triphenylphosphine copper complexes
2-4
The electronic absorption spectra of the complexes 2 -4 were recorded in CH 2 Cl 2 ( Figure 1A , The IR spectrum of the ligand 1 shows shifts in the bands on formation of complexes 2-4 (see Table 3 ). The pyridine vibration modes, like (pyridine ring) vibrations of 1 at 416 cm , respectively. There is only minor shift in these two bands upon complex formation, due to the relatively large distance between the terminal ethynyferrocenes and the Cu-coordination site. determined over two decades ago. 30 Compounds 2 and 3 are iso-structural (see Figure 2 ) but lack the symmetry inherent in 4 (see Figure 3 ), although they qualitatively adopt the same structure. In all three cases, there is trans arrangement of pairs of phosphines and pyridines around a central Cu 2 X 2 ring, enforced by symmetry in the case of 4 (due to an inversion centre at the heart of the Cu 2 I 2 ring).
The geometry about copper in all cases is a distorted tetrahedron, with bond angles in the range 103.4(4) -117.95 (15) (2) (7), Cu(2)-Br(2)-Cu(1) 72.44 (7) o .
In contrast to the geometry in compound 1 the C 5 H 4 and NC 5 H 4 rings in 2-4 are twisted with respect to each other; for 4, the angle between C(7)-C(10) and C (13) (16); additional data are given in Table 5 . Symmetry operation: .1-x,-y,1-z. Table 5 .Comparative data from crystallography: Fc-CC-C and N:Cu geometric data for 2 -4 (2) 1.22 (3) 1.41 (2) 1.40 (3) 1.38 (2) 1.47 (2) 168 (2), 177 (2) 178 (2), 175.4 (19) 2.442 (3) 2.463 (5) 2.433 (4) 2.479 (4) 2.193 (4) 2.195 (4) 2.061 (13) 2.047 (12) 3 1.207 (17) 1.172 (15) 1.444 (18) 1.419 (16) 1.455 (16) 1.453 (17) 177.1(18), 176.7 (14) 178.2 (13), 177.5 (14) 2.5011 (17) 2.522 (2) 2.4976 (18) 2.5127 (16) 2.208 (3) 2.211 (3) 2.045 (19) 2.041 (9 (2) 2.083 (7) [(py)(Ph 3 P)CuBr] 2 c 2.538(2), 2.507 (2) 2.209(3) 2.053 (9) [(py)(Ph 3 P)CuI] 2 c 2.692(3), 2.677(3) 2.240(3) 2.048 (7) a X = appropriate halogen, specifically Cl (2), Br (3), I (4) b = ref 15 c= ref.
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Electrochemistry. Redox properties of 1-4 were investigated using cyclic voltammetry in dichloroethane, and with redox potentials reported versus saturated calomel electrode (SCE). A summary of data is collected in Table 6 . Cyclic voltammograms were obtained in a potential window typical for ferrocene redox systems and with a range of scan rates (50-1000 mVs Interestingly, at lower scan rates the broad oxidation peak were followed by a very narrow "stripping" back-reduction peak, particularly visible for complexes 2 and 3 and at the lowest scan rates 34 (see Figure 4 ). The sharp stripping reduction peak is indicative of electro-crystallization of the oxidation product followed by cathodic "stripping".
35 Similarly, for electro-crystallized products of complex 3, the SEM images show leaf-like morphology but the leaves are bigger in size and more angular in shape compared to electro-crystallization product of 2.
For electro-crystallized product of complex 4 the SEM images show cabbage-like morphology. The three distinct morphologies observed for the electro-crystallized products (X = Cl -, Br -, I -) indicate the potential of the system for controlling the shape of the electro-deposited micro-structures. Table 7 ). Similarly, for electro-crystallized products of complex 3, the EDX data suggest Fe:Cu, Cu:Br, and Fe:P ratios 1:1. In the future a full study including crystallography of the oxidation products is desirable. In all the above electro-crystallizations the dominating products are consistently doubly-oxidized with [PF 6 ] -counter anions co-crystallized during the complex formation. Co-crystallization of donor-acceptor components in a crystal lattice as mixed stacks has been recently reported to lead to intra-molecular charge transfer properties. 37 The convenient production and isolation of oxidized materials reported here could be of interest for novel ferroic materials, 38 whereas design of complex shapes from simple components with a high level of control over morphology holds promise for future applications in optics and catalysis.
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Conclusions
A simple and convenient synthesis has been developed for a series of neutral di-ferrocenylethynylpyridinyl triphenylphosphine copper halide complexes. The neutral di-nuclear complexes can be oxidized under mild conditions with formation of the fully-oxidized electro-crystallization products.
Electro-deposition of the oxidation products gave a new series of dicationic di-ferricenylethynylpyridinyl copper halide materials. The inherent structural features common to the reaction products are based on aromatic and ethyne units as well as the rhomboid bimetallic centres that potentially provide high electron-mobility. These crystalline materials with fully or partially occupied ferrocene electronic band structure will be of interest in future electronic materials and in optical components. 40 The incorporation of [PF 6 ] -into the structure can be considered as "structurally welldefined" doping with implications for photo-excitation and electronic conductivity (with IVCT bands in the NIR range). 41 A combination of mobile electrons and structural rearrangements are possible in these 25 novel materials that could offer an entry into a new class of multi-ferroics 38b, 42 or mixed electronic/ionic conductors.
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